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Abstract 
 
To acquire a reasonable model for structural dynamic strength analysis, a bottom-up finite element modeling and updating methodol-
ogy based on multi responses is proposed. The fundamental principles of structural dynamics analysis and model updating were intro-
duced, and the proposed strategy was applied to the case study of an L-shaped jointed structure. Components of the jointed structure were 
modeled sequentially, and inaccurate model parameters were updated based on the corresponding experimental modal results in the first 
stage. In the second stage, components were connected together by bolts. The joint interfaces were represented by thin-layer elements, 
and local joint parameters were updated based on strain frequency response function (FRF). Finally, the precision of finite element model 
(FEM) was validated by acceleration frequency response function. The results indicated that the proposed methodology is able to reduce 
model simulation errors in both components and the overall jointed structure. Not only can the updated model of a jointed structure re-
produce the experimental results used in updating, but also predict responses that are not used in the process of model updating.  
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1. Introduction 
Modeling and simulation has become accepted by engineers 
to investigate the dynamic characteristics and dynamic re-
sponses of complex structures, especially when the experi-
ments are hindered due to money, time or some political is-
sues. With the power of modeling and simulation becoming 
dominant in advancing science, it is accredited as the third 
pillar of science, along with theory and experimental testing 
[1]. In engineering fields, including, but not limited to aero-
nautics and astronautics, mechanics as well as weapons and 
military supplies, jointed structure is used extensively. In the 
modeling process of jointed structure, simplification and 
equivalent treatment are frequently required due to the exis-
tence of mechanical joints. In addition, model parameters, 
especially those representing local joints are set up according 
to analyst’s experiences or nominal references. As a conse-
quence, results obtained from the FEM established in such 
condition are different from their true values more or less. To 
address this problem, FEM updating is necessary before the 
work that is based on FEM. 
The idea of FEM updating has been widely accepted in 
many important engineering practices. FEM updating is the 
process of calibrating inaccurate model parameters in their 
reasonable ranges and to ensure the model has a high accuracy 
for some working conditions. In essence, FEM updating is a 
numerical inverse problem. The key issues include, but are not 
limited to, updating parameter selection, construction of up-
dating objective function and optimization strategy. The rudi-
ment of FEM updating was proposed by Gravitz [2], but was 
limited by the level of computing capability at that time, so 
this technology did not develop rapidly. Since the 1990s, re-
searchers have devoted research to FEM updating, and a great 
deal of methodologies pertaining to all aspects of FEM updat-
ing have been proposed. Meanwhile, with regard to engineer-
ing applications, more and more case studies about FEM up-
dating were published [3-5]. 
The objective function is of great importance to the updat-
ing results, and it is determined by the characteristics and re-
sponse of the structure used for FEM updating. Static re-
sponses, modal parameters, as well as dynamic responses are 
usually used for the construction of objective function. 
Sanayei et al. clarified the fundamental principles of model 
updating strategy based on static strain measurements, and 
presented the finite element model updating of a bridge using 
strain results obtained from nondestructive test [6, 7]. Ren et 
al. investigated an updating strategy based on responses under 
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static load, and used response surface methodology to de-
crease computational cost [8]. Ribeiro et al. presented a case 
study of model updating for a railway-bridge utilizing modal 
parameters as the objective characteristics [9]. Ha et al. used 
strain mode shapes instead of displacement mode shapes in 
FEM updating because of their perceived advantages [10]. 
Esfandiari et al. detected the changes in stiffness and mass 
parameters of a structure utilizing strain data in the frequency 
domain, and proposed a sensitivity-based algorithm for FEM 
updating [11]. Li et al. extended the CMCM method and em-
ployed incomplete complex modes to update 30-DOF cantile-
ver beam [12]. Oh et al. proposed an FEM updating method 
based on modal participation factors and multi-objective op-
timization techniques [13]. Yi et al. discussed a method that 
uses sensitive higher modes to update local parameters in 
FEM of a physical structure [14]. Guo et al. expounded on the 
definition and sensitivity analysis of strain frequency response 
function correlation, and presented work to update the model 
material parameters in a cantilever plate [15]. However, prob-
lems such as ill condition of matrix as well as drifting conver-
gence of updating parameters will occur when just one kind of 
characteristic or response is used in FEM updating. Therefore, 
multi-characteristics and responses are combined and used in 
the construction of objective function for model updating. 
Xiao et al. presented an FEM updating method using both 
modal frequencies and multiscale static influence lines as up-
dating objectives for the updating of a cable stayed bridge 
model [16]. Sanayei et al. presented a multi-response struc-
tural FEM updating method using measured static and modal 
test data [17].  
Optimization strategy is another decisive factor in the proc-
ess and results of FEM updating. Sensitivity-based method, 
global search method represented by artificial intelligence 
algorithm and some improved methods are frequently used in 
model updating. Bakir et al. proposed a sensitivity-based finite 
element model updating constrained optimization with a trust 
region algorithm [18]. Pal et al. utilized genetic algorithm as a 
random search technique in the calibration of model constitu-
tive model [19]. Perera et al. demonstrated the FEM updating 
of composites based on multi-objective particle swarm opti-
mization, and integrated the method in the context of struc-
tural health monitoring [20]. However, for complex structures, 
the computational cost for model updating is enormous. To 
obtain an accurate FEM, strategy that decomposes a complex 
structure into relative simple components or substructures, and 
then conducts the modeling and updating of components or 
substructures are proposed. Jung et al. presented the hierarchi-
cal model calibration to improve the predictive capability of a 
high-fidelity electromechanical model [21]. 
In the principle of structural design, joints are adopted to as-
semble the components and substructures together. Structural 
dynamic strength analysis is critical to avoiding excessive 
dynamic stress or vibration fatigue during the service process. 
However, due to the existence of joints, the designed structure 
is a complex system, which leads to the finite element model-
ing and updating of such structure to be a challenging task. In 
the modeling of a jointed structure, a large number of model 
parameters set by analyst are inaccurate. Meanwhile, the sen-
sitivity of different structural characteristicss and response 
with respect to model parameters may vary over a wide range. 
For example, modal parameters are sensitive to material prop-
erties, while strain responses are sensitive to local model pa-
rameters. Therefore, reasonable structural characteristics, re-
sponses and model parameters should be selected for the FEM 
updating of a jointed structure. With the pursuit of high preci-
sion FEM, modeling and updating of jointed structure have 
gained a great deal of concern in recent years. Chakhari et al. 
investigated the method for numerical modeling and updating 
of a jointed structure subjected to compressive loading [22]. 
Alamdari et al. established the FEM of a jointed structure 
utilizing thin layer elements and investigated the application 
of model updating to characterize the joint interface parame-
ters [23]. 
The present work focuses on the modeling and updating of 
a jointed structure, with the aim of developing a reasonable 
FEM that can reproduce and predict structural FRFs. A bot-
tom-up modeling and updating method is discussed pertaining 
to the L-shaped jointed structure. The remainder of the paper 
is arranged as follows. In Sec. 2, the basic theory of structural 
dynamics analysis is introduced, and the solution of modal 
parameters and frequency response functions is demonstrated. 
In Sec. 3, the fundamental principles and implement process 
for model updating are discussed. In Sec. 4, the details of bot-
tom-up modeling and updating of L-shaped jointed structure 
are investigated. In Sec. 5, the conclusion is presented. 
 
2. Basic theory of structural dynamics analysis 
Structural dynamics analysis is the technique of investigat-
ing the dynamic characteristics of a complex system. In engi-
neering, commonly used structural dynamics analysis includes, 
but is not limited to, modal analysis and frequency response 
analysis. 
 
2.1 Modal analysis 
A continuous structural system can be discretized into a 
multiple of freedom system utilizing finite element method, 
and the dynamic equation of the discretized system is, 
 
+ + =&& &MX CX KX F ,                             (1) 
 
where M, C and K are mass, damping and stiffness matrix of 
system, respectively. X is nodal displacement vector and F is 
the exciting force vector applied to the system. 
Taking Laplace transform on both side, Eq. (1) can be writ-
ten as, 
 
( ) ( ) ( )2s s s s+ + =M C K X F ,                     (2) 
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where s is the transform factor. X(s) and F(s) are nodal dis-
placement and exciting force in Laplace domain. 
Replacing the transform factor s with ,jw  Eq. (2) yields, 
 
( ) ( ) ( )2- jw w w w+ + =M C K X F ,                   (3) 
 
where ( )wX  and ( )wF  are nodal displacement and excit-
ing force in the frequency domain. 
The displacement of any node in the system can be ex-
pressed as a linear superposition of each mode. The response 
of a system can be expressed as, 
 
( )w =X QF ,                                      (4) 
 
where 1 2, ,[ , ]Nf f f f= ¼¼  is mode shape matrix, and Q = 
( ) ( ) ( )1 2, , ,
T
Nq q qw w w¼¼é ùë û  is the modal coordinate matrix. 
Each column of F represents the vibration form of the corre-
sponding mode and each column of Q represents the contribu-
tion of corresponding mode to the systematical response. 
Substituting Eq. (4) into Eq. (3) yields, 
 
( ) ( )2 jw w w- + + =M C K Q FF .                   (5) 
 
According the modal superposition principle and the or-
thogonality of mode shapes, the displacement response can be 
expressed as, 
 
( ) ( ) ( )
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where Tr r rM = Mf f ,
T
r r rC = Cf f ,
T
r r rK = Kf f  are modal mass, 
modal damping and modal stiffness of the r-th modal, respec-
tively. rf is the r-th mode shape, rw is the r-th modal fre-
quency and rz is the r-th modal damping ratio. 
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T
2 2
1 2
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X
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åH f f is assigned as dis-
placement FRF. 
 
2.2 Strain FRF analysis 
Strain distribution in the structural model changes with the 
change of model parameters, especially the distribution near 
local joints. According to the theory of finite element method, 
the strain at any point within i-th element can be expressed as, 
 
e e
i i= Bxe ,                                       (7) 
 
where B is the mapping matrix which represents the relation-
ship between displacement and strain. eix  is the nodal dis-
placement vector of i-th element in the elemental coordinate. 
If a node is shared by several elements, the strain value at 
this node in each element is different from each other [24]. 
The nodal strain can be expressed as the average of its values 
in all elements, 
 
,g
1 1
1 1g gn ne e
j j g
g gg gn n= =
= =å å xe e B ,                      (8) 
 
where ng is the number of elements sharing the j-th node, 
and ,
e
j ge is nodal strain value of j-th node in g-th element. 
Between the elemental coordinate and the global coordinate, 
the transformation relationship of displacement can be ex-
pressed as, 
 
l l=x T x ,                                       (9) 
 
where xl and x are nodal displacement in elemental coordinate 
and global coordinate, respectively. Tl is the mapping matrix 
between two coordinates. 
Substituting Eq. (9) into Eq. (8) yields, 
 
1
1 gn
j g
ggn =
= å xe BT .                              (10) 
 
Thus, the strain of all nodes in a structural system can be 
expressed as, 
 
= BTxe ,                                      (11) 
 
where { }T1 2= , ,......., Ne e e e and { }
T
1 2, ,...... NT = T T T  are strain 
and mapping matrix of the overall model. 
Substituting Eq. (6) into Eq. (11) yields, 
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where ( )e wH is the strain FRF. 
 
3. FEM updating procedure 
As mentioned above, the results produced by the initial 
FEM established by analysts may differ from their true values. 
The difference between simulation and experimental results is 
minimized by FEM updating. In the last three decades, a large 
number of methods for FEM updating have been developed in 
both academic research and engineering practices. 
 
3.1 Correlation between simulation and experimental results 
To minimize the difference between simulation and ex-
perimental results, the corresponding relationship of structural 
characteristics or responses should be found first. Therefore, 
correlation analysis is necessary before updating. 
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Modal frequency error and modal assurance criteria are two 
commonly used forms of modal parameters errors. The modal 
frequency error is defined as, 
 
A E
E
Ew
w w
w
-
= ,                                 (13) 
 
where Aw  is modal frequency obtained from simulation and 
Ew  is the corresponding modal frequency obtained from ex-
perimental test. 
However, for closely spaced modes or when mode order 
changes with the change of model parameters, modal assur-
ance criterion analysis is needed first before the calculation of 
modal frequency error. Modal assurance criterion is defined as, 
 
( )
( ) ( )
2T
, T T
a b
A E
a b
a a b b
A A E E
=MAC
f f
f f f f
,                 (14) 
 
where aAf is the a-th mode shape of simulation, and 
b
Ef is the 
b-th mode shape of experimental test. 
FRF matrix is composed of the real and imaginary parts of 
structural response in the frequency domain. To evaluate the 
coherence of simulative and experimental FRFs, two kinds of 
correlations, named as shape correlation and amplitude corre-
lation, are employed in this manuscript. These two correla-
tions of FRF can be defined as Eqs. (15) and (16), respectively 
[25]. 
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( ) ( )
2T
, T T
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A E
p q
p p q q
A A E E
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,              (15) 
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T
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,            (16) 
 
where pAH is the p-th column of FRF matrix, and 
q
EH  is the 
q-th column of experimental FRF matrix. 
 
3.2 Fundamental of FEM updating 
FEM updating is the procedure of calibrating inaccurate 
model parameters in their reasonable ranges based on optimi-
zation algorithm. The mathematical form of FEM updating 
can be expressed as, 
 
( ) ( ) ( )2min ,
.
f A EW G G R R
s t
= -
£ £lb ub
q q q
q
,            (17) 
 
where θ is the vector of updating parameters. RA(θ) and RE are 
characteristics or responses used for updating that obtained 
from simulation and experimental test, respectively. lb and ub 
are lower and upper bounds of updating parameters, respec-
tively. Wf is the weighting factor, and G(θ) is the error of struc-
tural characteristic or response. 
In the research content of this manuscript, modal frequency 
error and strain FRF correlations are used to construct the 
objective function for model updating. In the first stage, modal 
frequency error is used in the model updating of substructures, 
and the objective function is defined as, 
 
( ) ( )
2
, ,
1 ,
Nr
A ii E ii
ii E ii
G
w w
w=
æ öæ ö-ç ÷= ç ÷ç ÷ç ÷ç ÷è øè ø
å
q
q ,              (18) 
 
where ii is the order index of modal frequency, and Nr is the 
number of frequencies used in FEM updating. 
However, strain is more sensitive to local parameters than 
modal parameters. Therefore it is a desirable response for 
model updating of joint parameters. The objective function of 
model updating using correlation of strain FRF is defined as, 
 
( ) ( ) ( )( )2 21 1p
N
jj jj
jj
G SC AC= - + -åq q q ,      (19) 
 
where jj is the column index of strain FRF matrix, Np is the 
total number of columns in strain FRF matrix. 
After the definition of objective function for model updating, 
an optimization algorithm should be selected to minimize the 
difference between simulation and experimental results over a 
reasonable range of parameters. In engineering practice, both 
traditional optimization methods based on sensitivity analysis 
and modern artificial intelligent algorithm developed accord-
ing to natural laws are used for FEM updating. However, dif-
ferent types of optimization algorithms have their own advan-
tages and disadvantages. The efficiency and results of model 
updating utilizing different optimization algorithm may vary 
obviously. 
Genetic algorithm is an optimization algorithm based on 
natural selection, and it is a reasonable candidate for obtaining 
a global optimal solution for model updating. An optimization 
activity using genetic algorithm starts with an initial popula-
tion of individuals and three evolutionary operations, named 
as selection, crossover and mutation, are used in sequence to 
generate new individuals and populations. In this process, the 
new generation of individuals is more accommodative and 
closer to the optimal solution. As a result, through the uninter-
rupted reproduce, a convergent solution of updating parame-
ters can be achieved. 
In addition, while the optimal solution is achieved, it is nec-
essary to substitute the updated parameters into the model to 
validate the capability of reproduction and prediction. 
 
4. Case study 
A jointed structure is a reasonable way to connect compo-
nents and substructures together. However, modeling and 
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simulation of jointed structure is challenging. In this study, 
taking an L-shaped jointed structure as the example, a bottom-
up modeling and updating strategy is elaborated. The technical 
route of this research is shown in Fig. 1. 
The objective structure used in this manuscript, an L-shaped 
jointed structure, is composed of two rectangular plates, a 
bracket and two bolts. The rectangular plates, plates 1 and 2, 
are connected to the bracket by bolts and nuts. Plates 1 and 2 
are made of aluminum, the bracket and bolts as well as nuts 
are made of steel. The dimensions of L-shaped jointed struc-
ture are shown in Fig. 2, and the unit of the structure is mm. 
 
4.1 Finite element modeling of L-shaped jointed structure 
In the modeling phase, plate 1, plate 2 and bracket are 
meshed by hexahedral element, and the joint interfaces are 
represented by thin-layer elements. The thin-layer elements 
are connected with surrounding elements in the contact zone 
by node superposition. The so-called thin-layer element is a 
hexahedral element whose thickness is much smaller than the 
sizes in other dimensions [26-28]. The FEM of L-shaped 
jointed structure is shown in Fig. 3. 
However, holes are drilled on the plates and bracket for the 
assembling of components, and they are ignored and repre-
sented by brick elements in the modeling phase. Modeling 
practices indicate that neglecting holes in the structure will 
introduce errors to the simulation results, especially for the 
condition that the diameter of hole is relative large compared 
with the overall dimensions of structure. For the sake of ac-
quiring a precise FEM as possible, elements in the twice di-
ameter of holes and those in the rest of the corresponding 
structure are divided into two groups, and material properties 
of elements in these two groups are set separately. 
Furthermore, connecting stiffness are represented by the 
material properties of thin-layer elements. In the modeling 
phase, material properties of thin-layer elements are defined 
according to the analyst’s experience or some references. Ma-
terial properties of thin-layer elements are assigned as a three-
dimensional orthotropic material property. Through a rational 
assumption, the parameters of the three-dimensional 
orthotropic material property can be simplified to normal elas-
tic module along the thickness direction and two tangential 
Start
L-shaped jointed structure decomposition
Finite element modeling 
analysis of components
Experimental modal 
analysis of components
Finite element model 
updating of components
Finite element modeling of L-shaped 
jointed structure (comnponstes assembly)
Updating of joint parameters
Validation of the updated model
Satisfaction
End
Yes
Reconstruction of 
finite element model
No
 
 
Fig. 1. Flow chart of technical route. 
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Fig. 2. Dimensions of L-shaped jointed structure. 
 
X
Y
 
 
Fig. 3. FEM of L-shaped jointed structure. 
 
 
 
Fig. 4. Partition of material properties regions: (a) Schematic diagram 
of partition of material properties for plates 1 and 2; (b) schematic 
diagram of partition of material properties for bracket; (c) schematic 
diagram of partition of material properties for thin-layer elements in 
the joint interfaces. 
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shear modules parallel to the joint interface. However, the 
joint stiffness close to the joint is much more different from 
those away from the joint. Therefore, in the modeling phase 
the joint interface is divided into two parts: one is the elements 
in twice bolt dimeter, and the other is the rest of elements in 
the contact zone. For clarity, the partitions of material property 
regions in plates, bracket and thin-layer elements are shown in 
Fig. 4. 
In addition, the mass of sensors always introduces errors to 
the results of simulation. Thus, in the modeling phase, lumped 
mass element is settled to eliminate the effects of acceleration 
sensors at the corresponding locations. 
 
4.2 Experimental test of L-shaped jointed structure 
To provide sufficient experimental information for model 
updating, modal test and dynamic strain test are performed 
sequentially. In the first stage, modal tests are performed on 
plate 1, plate 2 and bracket. During the modal test of compo-
nents, test pieces are hung on a steel frame by rubber ropes to 
simulate the free boundary condition, and single input single 
output method is adopted. In addition, every component is 
tested five times to eliminate test errors. The experimental 
results of the five tests are averaged, and the mean values of 
the modal parameters obtained from the five tests are assigned 
as the experimental modal results. 
After the experimental modal tests, components are assem-
bled together and a dynamic strain test is performed on the 
built up structure. However, the dynamic strain test is much 
more complex compared to the experimental modal test. In 
this section, the assembled L-shaped joint structure is hung on 
the steel frame by rubber ropes, and is excited by the vibration 
exciter at one end of plate 1. A random noise signal with a 
bandwidth of 1000 Hz is generated and applied to the test 
piece. Dynamic force at the excite position, dynamic strain at 
seven locations and acceleration at five locations are collected 
simultaneously. All of the test locations are selected according 
to the modal analysis results. The overall test site is shown in 
Fig. 5; and locations of exciter, strain gages and acceleration 
sensors are shown in Fig. 6. 
After the acquisition of signals, the input and outputs in 
time domain are transformed into frequency domain, and 
FRFs of all outputs are obtained. The strain FRFs are used to 
update the joint parameters in the model, while the accelera-
tion FRFs are used to validate the updated model. 
 
4.3 FEM updating of components based on modal parameters 
As mentioned in the modeling phase, two groups of mate-
rial properties are assigned to every component. In this section 
of model updating for components, elastic modulus and den-
sity of each material property are selected as updating parame-
ters. Modal frequency errors are used for the construction of 
objective function. The model updating of components is real-
ized based on genetic algorithm. Initial value, updated value 
of updating parameters are listed in Table 1. 
Here, we want to mention that updating parameters in Table 
1, Eb and ρb represent the parameters of elements in the bolt 
region, Er and ρr represent the parameters of elements in the 
rest region of components. 
Modal frequencies obtained from experimental tests and 
those calculated utilizing the initial and updated FEM, as well 
as the corresponding errors of plate 1, plate 2 and bracket are 
listed in Tables 2-4, respectively. The convergence curves of 
parameter variation ratios and objective function of plate #1 
are shown in Figs. 7 and 8. 
As is shown in Table 2, the maximum and absolute mean 
value of modal frequency errors of plate 1 before model up-
dating are 2.15 % and 1.20 %, respectively. These errors de-
crease to 0.36 % and 0.13 % after model updating, respec-
tively. From Table 3, the maximum and absolute mean value 
of modal frequency errors of plate 2 before model updating 
are 1.46 % and 0.84 %, respectively. The corresponding errors 
decrease to 0.35 % and 0.22 % after model updating. In addi-
tion, data in Table 4 show that the maximum and absolute 
mean value of modal frequency errors of bracket before model 
updating is 12.09 % and 5.41 %. However, maximum and 
Computer
Power amplifier
Acquisition instrument
Steel test stand
Rubber band
Vibration 
exciter
Test piece
 
 
Fig. 5. Test site of L-shaped jointed structure. 
 
Table 1. Updating parameters of components. 
 
Initial values Updated values Updating 
parameters Plates 1&2 Bracket Plate 1 Plate 2 Bracket 
Eb/GPa 70 206 56.19 49.99 153.60 
3/ kgmbr
-   2700 7800 1791.58 1842.75 7804.27 
Er/GPa 70 206 71.06 72.17 199.02 
3/ kgmrr
-   2700 7800 2731.60 2783.65 7936.52 
 
80
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134
134
94 92 94 93 118
120 195 125 A1
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A3A5 A4
S7 S5 S4
S6 S3 S1
S2
30
Exciter
 
 
Fig. 6. Locations of exciter and sensors. 
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absolute mean frequency errors decrease to 4.75 % and 
2.89 % after model updating, respectively.  
The results shown in Tables 2-4 indicate that modal fre-
quency errors of components decrease dramatically after 
model updating. From Figs. 7 and 8, stable convergence of 
both updating parameters and objective function are obtained. 
The updated results of components can be used for the analy-
sis of the jointed structure. 
 
4.4 Joint parameters updating based on strain FRF 
The joint parameters determined by joint states are crucial 
to the precision of model. However, modal parameters, such 
as modal frequency and mode shape, are less sensitive to local 
parameters in a jointed structure. According to the theory of 
finite element method, strain is the first derivative of dis-
placement, and it can avoid the above problem efficiently. As 
is shown in Fig. 4(c), the thin-layer elements are divided into 
four blocks, named as bolt 1, bolt 2, contact zone 1 and con-
tact zone 2. Parameters of three-dimensional orthogonal ani-
sotropy material property in the joint interfaces are selected as 
the updating parameters in this section. Specifically, parame-
ters that represent the elastic modulus in the direction normal 
to interfaces and shear modulus parallel to the interfaces are 
selected as updating parameters. For example, in the region of 
bolt 1, elastic modulus in Y-direction, shear modulus in XY 
direction and YZ direction are the updating parameters. 
Meanwhile, damping is a non-negligible factor to the shape of 
FRF. In this case study, five bending modes are concerned in 
the frequency bandwidth and the corresponding damping co-
efficients are considered to be inaccurate. Thus, they are also 
selected as updating parameters. 
All of the strain FRFs of the seven test locations are used in 
the updating of local joint parameters. The shape and ampli-
tude correlations of strain FRFs are defined according to Eqs. 
(15) and (16), respectively. The objective function for model 
updating of local joint parameters is defined according to Eq. 
(19). Genetic algorithm with 80 individuals and 50 genera-
tions is employed as the optimal tool for minimization of ob-
jective function in the range of updating parameters. The de-
tails of updating parameters, including parameter name, initial 
value and updated value are listed in Table 5. The comparison 
of strain FRF at test location S1 is shown in Fig. 9. Meanwhile, 
shape and amplitude correlations of strain FRFs are shown in 
Fig. 10. 
As shown in Table 5, the values of parameters after updat-
ing are much different from those before updating, and the 
phenomena indicate that model updating is necessary to im-
prove the precision of model. 
As shown in Fig. 9, the simulated strain FRF after updating 
is much closer to the experimental one. Meanwhile, this phe-
nomenon can also be seen at the other six test locations. From 
Table 2. Modal frequency error of plate 1. 
 
Simulation frequency/Hz 
Mode Experimental results / Hz Initial model Updated model 
1 159.64 157.75 159.54 
2 437.67 433.92 437.07 
3 852.77 848.01 851.65 
4 939.71 959.96 943.09 
5 1404.69 1399.97 1404.19 
6 1883.27 1923.06 1884.17 
 
Table 3. Modal frequency error of plate 2. 
 
Simulation frequency/Hz 
Mode Experimental results / Hz Initial model Updated model 
1 532.00 525.23 531.68 
2 1445.12 1436.14 1440.01 
3 1715.53 1740.55 1718.92 
4 2788.87 2801.26 2797.01 
5 3462.05 3510.41 3455.41 
 
Table 4. Modal frequency error of bracket. 
 
Simulation frequency/Hz 
Mode Experimental results / Hz Initial model Updated model 
1 1601.15 1738.74 1624.78 
2 3084.10 3150.36 3031.71 
3 4245.64 4195.42 4151.50 
 
 
 
 
Fig. 7. Convergence curves of parameter variation ratios. 
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Fig. 8. Convergence curve of objective function. 
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Fig. 10, the shape and amplitude correlation of strain FRFs are 
improved after updating. In addition, the mean value of shape 
and amplitude correlations of strain FRFs, before model up-
dating, are 0.87 and 0.84, respectively. However, the corre-
sponding values after updating increased to 0.96 and 0.97. The 
approximation of strain FRFs curves and the increase of corre-
lations indicate that the updated model of L-shaped jointed 
structure can reproduce structural responses used in updating. 
 
4.5 Validation of updated FEM 
Model validation is necessary to evaluate the updated finite 
element model. In this study, acceleration FRFs are used to 
evaluate the prediction capability of the updated FEM. The 
comparison of acceleration FRFs at test location A3 is shown 
in Fig. 11, and shape and amplitude correlations of accelera-
tion FRFs are shown in Fig. 12. 
As shown in Fig. 11, the updated acceleration FRF is much 
closer to the experimental one. Meanwhile, from Fig. 12, 
shape and amplitude correlations of acceleration FRFs are also 
improved. The mean value of shape and amplitude correlation 
of acceleration FRFs before updating are 0.88 and 0.83, re-
spectively, and the values of them both increased to 0.95. The 
approximation of acceleration FRFs and the increase of corre-
lations indicate that the updated model of L-shaped jointed 
 
(a) 
 
 
(b) 
 
Fig. 10. Correlation of strain FRFs: (a) Shape correlation; (b) ampli-
tude correlation. 
 
 
 
 
Fig. 11. Comparison of acceleration FRF at test location A3. 
 
Table 5. Details of local joint parameters for model updating. 
 
Parameter name Symbol Initial value 
Updated 
value 
Y- elastic module of bolt 1 Eb1/MPa 100 361.61 
XY- shear module of bolt 1 Gb11/MPa 100 176.23 
YZ- shear module of bolt 1 Gb12/MPa 100 137.38 
Y- elastic module of contact 1 Ec1/MPa 100 36.61 
XY- shear module of contact 1 Gc11/MPa 100 82.37 
YZ- shear module of contact 1 Gc12/MPa 100 259.97 
X- elastic module of bolt 2 Eb2/MPa 100 21.52 
XY- shear module of bolt 2 Gb21/MPa 100 639.31 
ZX- shear module of bolt 2 Gb22/MPa 100 977.33 
X- elastic module of contact 2 Ec2/MPa 100 1.88 
XY- shear module of contact 2 Gc21/MPa 100 129.86 
ZX- shear module of contact 2 Gc22/MPa 100 936.04 
Damping ratio of 1st mode Damp1 0.01 0.0192 
Damping ratio of 2nd mode Damp2 0.01 0.0098 
Damping ratio of 3rd mode Damp3 0.01 0.0090 
Damping ratio of 4th mode Damp4 0.01 0.0068 
Damping ratio of 5th mode Damp5 0.01 0.0202 
 
 
 
 
Fig. 9. Comparison of strain FRF at test location S1. 
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structure has satisfactory capability of prediction. 
 
5. Conclusions 
We have proposed a bottom-up model updating method 
based on modal and strain FRF. The effectiveness of the pro-
posed method was verified by an L-shaped jointed structure. 
The primary contributions of this work can be summarized as 
follows: 
(1) To obtain a reasonable finite element model of the 
jointed structure, which is a complex dynamic system, a hier-
archical model updating strategy is employed to calibrate un-
known model parameters. 
(2) An L-shaped jointed structure is employed to verify the 
effectiveness of the proposed model updating method. Mate-
rial properties are calibrated based on experimental modal test 
results in the first stage, and joint parameters are calibrated 
based on correlations of strain FRFs. The updated results indi-
cate that good consistency between experimental and simula-
tive results is obtained. 
(3) The updated model is validated by acceleration FRFs 
that are not used in the model updating procedure. As a result, 
the updated model manifests a satisfactory capability for re-
sponse reproduce and prediction. 
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Nomenclature------------------------------------------------------------------------ 
M     : Mass matrix of a system 
C     : Damping matrix of a system 
K     : Stiffness matrix of a system 
X     : Nodal displacement vector 
F     : Exciting force vector 
s     : Transformation factor 
F      : Mode shape matrix 
Q    : Modal coordinate matrix 
Mr    : The r-th modal mass 
Cr    : The r-th modal damping 
Kr    : The r-th modal stiffness 
rf      : The r-th mode shape 
rw    : The r-th modal frequency 
rz      : The r-th modal damping ratio 
HX    : Displacement FRF 
e
ie    : The strain at any point within i-th element 
B     : Mapping matrix between displacement and strain 
xie     : Nodal displacement vector of i-th element in the ele-
mental coordinate 
ng     : The number of elements sharing the j-th node 
,
e
i ge     : Nodal strain value of j-th node in g-th element 
xl     : Nodal displacement in elemental coordinate 
x     : Nodal displacement in global coordinate 
Tl     : Mapping matrix between elemental and global coordi-
nate 
je      : Strain matrix at the j-th node 
e      : Strain matrix of the system 
He     : Strain FRF 
Aw     : Simulative modal frequency 
Ew     : Experimental modal frequency 
Ew     : Modal frequency error 
a
Af     : The a-th mode shape of simulation 
b
Ef     : The b-th mode shape of experimental test 
MAC : Modal assurance criterion 
SC    : Shape correlation of FRF 
AC    : Amplitude correlation of FRF 
p
AH   : The p-th column of simulative FRF matrix 
q
EH   : The q-th column of experimental FRF matrix 
q     : Updating parameters 
RA     : Simulative results used for updating 
RE     : Experimental results used for updating 
lb     : Lower boundary of updating parameters 
ub     : Upper boundary of updating parameters 
Wf     : Weighting factor 
G     : Error of structural characteristic or response 
 
(a) 
 
 
(b) 
 
Fig. 12. Correlation of acceleration FRFs: (a) Shape correlation; (b) 
amplitude correlation. 
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Nr     : The number of frequencies used in FEM updating 
Np     : The number of columns used in FRF based updating 
 
References 
[1] W. L. Oberkampf and C. J. Roy, Verification and Validation 
in Scientific Computing, Cambridge University Press, Cam-
bridge (2010). 
[2] S. I. Gravitz, An analytical procedure for orthogonalization 
of experimentally measured modes, J. of the Aerospace Sci-
ences, 25 (11) (1958) 721-722. 
[3] J. Waeytens, B. Rosić, P. E. Charbonnel, E. Merliot, D. 
Siegert, X. Chapeleau, R. Vidal, V. le Corvec and L. M. 
Cottineau, Model updating techniques for damage detection 
in concrete beam using optical fiber strain measurement de-
vice, Engineering Structures, 129 (2016) 2-10. 
[4] J. Malveiro, D. Ribeiro, R. Calçada and R. Delgado, Updat-
ing and validation of the dynamic model of a railway viaduct 
with precast deck, Structure and Infrastructure Engineering, 
10 (11) (2014) 1484-1509. 
[5] Y. Z. Fu, Z. R. Lu and J. K. Liu, Damage identification in 
plates using finite element model updating in time domain, J. 
of Sound and Vibration, 332 (26) (2013) 7018-7032. 
[6] M. Sanayei and M. J. Saletnik, Parameter estimation of 
structures from static strain measurements. I formulation, J. 
of Structural Engineering, 122 (5) (1996) 555-562. 
[7] M. Sanayei, J. E. Phelps, J. D. Sipple, E. S. Bell and B. R. 
Brenner, Instrumentation, nondestructive testing, and finite 
element model updating for bridge evaluation using strain 
measurements, J. of Bridge Engineering, 17 (1) (2012) 130-
138. 
[8] W. X. Ren, S. E. Fang and M. Y. Deng, Response surface-
based finite element model updating using structural static re-
sponses, J. of Engineering Mechanics, 137 (4) (2011) 248-257. 
[9] D. Ribeiro, R. Calçada, R. Delgado, M. Brehm and V. Zabel, 
Finite element model updating of a bowstring-arch railway 
bridge based on experimental modal parameters, Engineer-
ing Structures, 40 (2012) 413-435. 
[10] J. Ha, Y. Park and Y. Park, Model updating with closed 
loop strain mode shapes, J. of Guidance Control and Dy-
namics, 30 (4) (2007) 1206-1209. 
[11] A. Esfandiari, F. Bakhtiari-Nejad, A. Rahai and M. Sanayei, 
Structural model updating using frequency response function 
and quasi-linear sensitivity equation, J. of Sound and Vibra-
tion, 326 (3-5) (2009) 557-573. 
[12] H. Li, F. Liu and S. Hu, Employing incomplete complex 
modes for model updating and damage detection of damped 
structures, Science in China Series E: Technological Sci-
ences, 51 (12) (2008) 2254-2268. 
[13] B. Oh, M. Kim, Y. Kim, T. Cho and H. Park, Model updat-
ing technique based on modal participation factors for beam 
structures, Computer-Aided Civil and Infrastructure Engi-
neering, 30 (2015) 733-747. 
[14] W. J. Yi, Y. Zhou, S. Kunnath and B. Xu, Identification of 
localized frame parameters using higher natural modes, En-
gineering Structures, 30 (11) (2008) 3082-3094. 
[15] N. Guo, Z. Yang, Y. Jia and L. Wang, Model updating 
using correlation analysis of strain frequency response func-
tion, Mechanical Systems and Signal Processing, 70-71 
(2016) 284-299. 
[16] X. Xiao, Y. L. Xu and Q. Zhu, Multiscale modeling and 
model updating of a cable stayed bridge. II: Model updating 
using modal frequencies and influence lines, J. of Bridge 
Engineering, 20 (10) (2015) 04014113-1-04014113-12. 
[17] M. Sanayei, A. Khaloo, M. Gul and F. N. Catbas, Auto-
mated finite element model updating of a scale bridge model 
using measured static and model test data, Engineering 
Structures, 102 (2015) 66-79. 
[18] P. G. Bakir, E. Reynders and G. D. Roeck, Sensitivity-
based finite element model updating using constrained opti-
mization with a trust region algorithm, J. of Sound and Vi-
bration, 305 (1-2) (2007) 211-225. 
[19] S. Pal, G. W. Wathugala and S. Kundu, Calibration of a 
constitutive model using genetic algorithms, Computers and 
Geotechnics, 19 (4) (1996) 325-348. 
[20] R. Perera, E. Sevillano, A. Arteaga and A. D. Diego, Identi-
fication of intermediate debonding damage in FRP-plate RC 
beams based on multi-objective particle swarm optimization 
without updated baseline model, Composites Part B: Engi-
neering, 62 (2014) 205-217. 
[21] B. C. Jung, H. Yoon, H. Oh, G. Lee, M. Yoo, B. D. Youn 
and Y. C. Huh, Hierarchical model calibration for designing 
piezoelectric energy harvester in the presence of variability 
in material properties and geometry, Structural and Multid-
isciplinary Optimization, 53 (1) (2016)161-173. 
[22] J. Chakhari, A. Daidié, Z. Chaib and J. Guillot, Numerical 
model for two-bolted joints subjected to compressive load-
ing, Finite Elements in Analysis & Design, 44 (4) (2008) 
162-173. 
[23] M. M. Alamdari, J. Li, B. Samali, H. Ahmadian and A. 
Naghavi, Nonlinear joint model updating in assembled struc-
tures, J. of Engineering Mechanics, 140 (7) (2014) 4014042-
1-4014042-11. 
[24] R. D. Cook, D. S. Malkus, M. E. Plesha and R. J. Witt, 
Concepts and Applications of Finite Element Analysis, 4th 
Ed., Wiley, New Jersey, USA (2007). 
[25] H. Grafe, Model Updating of Large Structural Dynamics 
Models Using Measured Response Functions, University of 
London, London (1999). 
[26] M. H. Mayer and L. Gaul, Segment-to-segment contact 
elements for modelling joint interfaces in finite element 
analysis, Mechanical Systems and Signal Processing, 21 (2) 
(2007) 724-734. 
[27] K. G Sharma and C. S. Desai, Analysis and implementation 
of thin-layer element for interfaces and joints. J. of Engi-
neering Mechanics, 118 (12) (1992) 2442-2462. 
[28] Z. Cao, Q. Fei, D. Jiang and S. Wu, Substructure-based 
model updating using residual flexibility mixed-boundary 
method, J. of Mechanical Science and Technology, 31 (2) 
(2017) 759-769. 
 Z. Ming et al. / Journal of Mechanical Science and Technology 33 (10) (2019) 4583~4593 4593 
 
  
Zhan Ming has a Ph.D. in Mechanical 
and Electrical Engineering, Nanjing 
University of Aeronautics and Astro-
nautics, China. His research interests are 
in areas of finite element modeling and 
simulation, model updating and valida-
tion and structural dynamic optimization 
design. 
Guo Qintao is an Assistant Professor of 
Mechanical and Electrical Engineering, 
Nanjing University of Aeronautics and 
Astronautics, China. His research inter-
ests are in areas of finite element model-
ing and simulation, model updating and 
validation and structural dynamic opti-
mization design. 
 
 
 
